Abstract-There has been increased interest in organic semiconductors over the last decade because of their unique properties. Of these, 5, 6, 11, 12-tetraphenylnaphthacene (rubrene) has generated the most interest because of its high charge carrier mobility. In this work, large single crystals with a volume of ∼1 cm 3 were grown from solution by a temperature reduction technique. The faceted crystals had flat surfaces and cm-scale, visually defect-free areas suitable for physical characterization. X-ray diffraction analysis indicates that solvent does not incorporate into the crystals and photoluminescence spectra are consistent with pristine, high-crystallinity rubrene. Furthermore, the response curve to pulsed optical illumination indicates that the solution grown crystals are of similar quality to those grown by physical vapor transport, albeit larger. The good quality of these crystals in combination with the improvement of electrical contacts by application of conductive polymer on the graphite electrodes have led to the clear observation of alpha particles with these rubrene detectors. Preliminary results with a 252 Cf source generate a small signal with the rubrene detector and may demonstrate that rubrene can also be used for detecting high-energy neutrons.
I. INTRODUCTION

I
N this paper we mainly employ alpha particle irradiation to demonstrate the functionality of rubrene to detect ionizing radiation. However, our main interest is in the development of a novel high-energy neutron detector, although we were only able to reproducibly detect neutrons for the case of our best rubrene crystal. We nevertheless motivate our development of the rubrene detector by briefly summarizing the methods currently used to detect neutrons.
The methods are normally divided into detectors having high-energy neutron response, and those which respond to thermal neutrons; summaries of these technologies are in Refs. [1] - [8] . The traditional "workhorse" detector has been based on proportional counting with 3 He gas in an ionization chamber. The 3 He nuclear reaction is responsive to thermal neutrons, although the 3 He tubes are often surrounded by moderating material to detect high-energy neutrons as well (with reduced efficiency). A closely related option is the use of BF 3 gas, which while quite sensitive, is also acutely toxic. Lining the tube with elemental boron to detect the thermal neutrons in a gas also functions well; this device has been extensively developed recently (i.e. "boron straw" detectors), having been developed mainly to respond to the shortage of 3 He as a "drop in" replacement. Another classical method entails the painting of ZnS(Ag)/LiF onto the outside of an optic, wherein the lithium responds to thermal neutrons and has a very high light yield owing to the ZnS(Ag); it is also sometimes incorporated within the optical material itself, which however is highly scattering. Other methods of detecting thermal neutrons entail scintillators for which lithium or boron is intrinsically included in the material, such as for lithium-fibers, the LGB crystal (lithium gadolinium borate), and CLYC [Cs 2 LiYCl 6 (Ce)] as well as semiconductors such as LiInSe 2 [3] . CLYC has high neutron light yield and moreover offers pulse shape discrimination (PSD) capability against gamma events. Another method entails detection of the gammas resulting from neutron capture as for CZT [7] . For the case of high-energy neutrons, the main detector used for many decades has been based on liquid scintillator, which in sizes of several inches is both efficient and able to discriminate against gammas. However, the use of liquids is problematic in some circumstances, an issue which had recently inspired the development of plastic scintillators that are also PSD capable, (although plastic scintillators without PSD have been utilized to detect neutrons beforehand to some extent).The organic crystal trans -stilbene has historically offered the best PSD and moreover recent advances in its crystal growth have made this scintillator more attractive and it is now available for purchase from Inrad Incorporated, New Jersey, USA. Within the venue of semiconductor detectors, thermal neutron detection is achieved by introducing an articulated silicon platform with LiF or with boron, while numerous direct detection approaches are also being explored (where the semiconductor and the thermal-neutron sensitive material are one and the same). Both CLYC [6] and ZnS(Ag) [available from Bicron Saint Gobain] can detect high-energy neutrons by way of the n-p reaction although the cross section is modest. What's missing within this portfolio of neutron detectors is a system where a semiconductor is utilized directly for the efficient detection of high energy neutrons, obviating the need for photodetection as for scintillators, and thereby rendering the device compact for handheld devices as well as for neutron imaging applications. This would require that the detector material be based on an organic molecule, so that the hydrogens would kinematically respond to incoming neutron by way of a knock-on collision, leading to measurable ionization in the material. In this paper we describe our progress in developing a new detector of this type based on the organic semiconductor, rubrene.
For our detector we have chosen the organic semiconductor, 5, 6, 11, 12-tetraphenylnaphthacene (rubrene), because of the reported high charge carrier mobilities (13-20 cm 2 V −1 s −1 ) observed in field-effect transistors based on rubrene single crystals [9] - [12] . The relatively small crystals used so far for characterization of rubrene properties have been grown mostly by physical vapor transport (PVT) [13] - [14] , with only a few reports on rubrene growth from solution by spontaneous nucleation upon evaporation at room temperature [15] or by slow cooling [16] , [17] . Differently from PVT that typically produces thin platelet-shape crystals, solution growth has the potential advantage of growing crystals with larger surface area and volume allowing for more accurate characterization of material properties and because of their volume, suitable for a neutron detector.
Based on previous reports [16] - [18] , the first solution-grown crystals had much lower carrier mobility (0.16-0.75cm 2 V −1 s −1 ) compared to those grown from the vapor phase, even though X-ray diffraction (XRD) indicated that the solution grown crystals were the same polymorph as the PVT crystals [16] . It would be of interest to establish if this low mobility is an inherent property of solution grown rubrene crystals or an indication of the quality of the small, spontaneous crystals generated. It is well known that impurities and surface imperfections can act as scattering traps reducing charge mobility. This paper presents the results of the characterization of the first centimeter sized solutiongrown rubrene crystals as the bulk material in comparison to thin platelet crystals grown by PVT.
II. MATERIALS AND CRYSTAL PREPARATION
Rubrene was purchased in bulk from Alfa Aesar (H53507, 97%). As indicated by examination under the microscope, the initial rubrene powder had a substantial fraction of oxidized material that was removed by two times sublimation at 150-160 • C. Anhydrous anisole (Aldrich, 99.7%) was chosen as the solvent for the preparation of the final growth solutions because of its high (154 • C) boiling point and low vapor pressure (10 mm Hg at 42.2 • C), which prevents excessive solvent evaporation during growth. Because of the sensitivity of rubrene to light that facilitates oxidation of rubrene exposed to air, all solutions were prepared and transferred to the airsealed growth vessel in an argon-filled glove box. Care was taken to exclude light as much as possible during growth by covering glass crystallizers with black protective cloth.
Crystals were grown either by evaporation or by a well-established temperature reduction technique used previously for growth of KDP crystals from water [19] and recently applied to growth of molecular crystals from organic solvents [20] , [21] . PVT grown rubrene crystals were produced at Rutgers University (for details of the growth technique, see V. Podzorov, ref. 11.) Devices were prepared from visible defect-free portions cut from crystals with a wire saw or gentle grinding. Surfaces were polished using the appropriate abrasive and finished using isopropanol on a lint free cloth. They were then adhered to a glass substrate and colloidal graphite contacts were painted onto the facets of the crystals so that current will flow along the high-mobility b-axis. Gold leads were attached to the crystal with one more layer of graphite and once this graphite dried, a layer of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS), (Aldrich, 655201) was added using a 3-4% suspension of PEDOT-PSS in water. Finally, a layer of Fomblin Oil 18-8 (perfluoropolyether) was coated over all of other areas of the crystal to passivate the surface against oxidation possibly combined with the surface irradiation [21] , although the utility of Fomblin was not established in our experiments, (while it apparently had no adverse effect).
III. RESULTS
A. Solubility Measurements:
Solution growth of any crystal requires the material to be soluble in the chosen solvent and stable in solution. Furthermore, for growth by temperature reduction, the substance's solubility should be an increasing function of temperature. Rubrene meets two of these criteria. It does have increased solubility at higher temperatures and it is stable in solution as long as oxygen and light are excluded. However, the solubility of rubrene at any temperature is about an order of magnitude less than that of the organic crystals, trans-stilbene and 1, 3, 5-triphenylbenzene [21] grown previously in our laboratory.
The most important parameter for regulation of the growth rate in low temperature solution growth is the relative supersaturation, σ = (C − C 0 )/C 0 , where C and C 0 are the actual and equilibrium (solubility) solute concentrations in the growth solution. To grow the first rubrene crystals, we have used the common practice of slow growth by evaporation or by temperature reduction, at which σ > 0 required for crystal growth was created by either solvent evaporation or by a gradually increasing estimated temperature drop as the crystal size increased. However, even slow growth requires knowledge of the temperature dependence of solubility not reported previously for rubrene in anisole.
The concentration of a solid solute in a liquid is usually established by weighing solution samples before and after drying. Because rubrene sublimes upon heating, this method is not applicable. Instead, solutions made from a known amount of powder and solvent were stirred in the crystallizer and the temperature was adjusted until an added crystal neither dissolved nor grew. This method provides equilibrium concentrations accurate to 0.1 • C. The results of the rubrene solubility measurements are shown in Fig. 1(a) for the temperature range of 25-72 • C which is normally used for low-temperature solution growth by the temperature reduction method. The solubility of rubrene at 45 • C in anisole (14 mg/mL) is comparable to the "high solubility" reported by Matsukawa for toluene (14 mg/mL) and dichlorobenzene (16 mg/mL) [16] . Trans-stilbene, one of very few solution-grown organic crystals, has recently been commercialized by Inrad Inc. with support from LLNL, enhancing our confidence that other crystals such as rubrene can also be commercialized in the future.
B. Crystal Growth
Initial mm-size crystals were obtained by spontaneous nucleation during solvent evaporation in the glove box at room temperature over the course of several weeks. These small crystals were then used for seeded growth in stationary (non-stirred) solutions slowly cooled from 60 • C in an oven with nitrogen flow. Using this method it was possible to grow cm-sized single crystals, Fig. 1(b) , of 1.4 cm in length and 1-2 mm in thickness. These crystals, however, had many visible defects due to multiple cracks and grains misaligned relatively to each other. One of the reasons for formation of such defects is lack of solution mixing that may lead to an uneven molecular distribution and cluster formation on the growth interface. The extremely low solubility of rubrene makes this problem more acute. While monoclinic [21] , triclinic [22] , and orthorhombic [16] , [24] polymorphs of rubrene have been reported, in solution growth the solvent appears to play a role in determining which polymorph is formed [17] , [18] . Huang et al [25] showed that the size and morphologies of rubrene micro-crystals formed by a reprecipitation method exhibited a strong dependence on the concentration of the injected rubrene solution. We found that when anisole was used as a solvent, only orthorhombic crystals were observed independent of the growth conditions, such as temperature or concentration. The orthorhombic polymorph is also the prevailing crystal obtained by the PVT method [24] , [26] .
In order to provide better growth conditions, crystallizer growth was employed as described previously [20] , [21] . The initial growth runs were conducted using small spontaneous single crystals as "point" seeds with a size of 1-2 mm in height. They were glued into multiple holes in an aluminum platform. Typical platforms had 5-9 holes and the seeds were oriented with the b-axis either horizontal or vertical to the platform surface. The height of vertically oriented crystals was measured using a telescopic device. The larger crystals generated by this method were then used to prepare better seeds for further growth experiments. Growth runs started in solutions with initial saturation temperatures of approximately 65-75 • C. The platform with the seeds was heated and loaded into a crystallizer in the dark at about 7 • C above the saturation temperature. The crystallizer was held for at least 30 minutes slightly above saturation temperature so that any free particles of rubrene on the seeds were dissolved to insure spontaneous nucleation-free growth [27] . The seeds were only allowed to melt slightly and growth started slowly by lowering the temperature ∼2 • C below the saturation point. The crystallizer was kept covered to avoid light exposure during the entire process. The stirring of the solution was provided by the reversible rotation of the platform equipped with a magnetic drive that prevented penetration of oxygen into the system during growth. The duration of typical growth runs was 45-60 days. Fig. 2(a) shows a graph of temperature drop versus crystal height in a typical experiment. At the end of the growth run, the solution was removed and the crystals were allowed to cool to room temperature before being removed from the platform. Crystallizer growth resulted in the formation of volumetric crystals, Fig. 2(b) , with weights of more than 1 g and lengths in the b-axis of up to 2.5 cm. Fig. 3 shows the faceting on a typical rubrene crystal. While some internal structure is apparent, the surface is visually flat. X-ray diffraction (XRD) analysis showed identical profiles for the initial rubrene powder and powder from solution-grown (Lower) X-ray diffraction spectra revealing common structure between starting materials and as-grown crystal, which also matches the structure of the most common PVT-grown crystals.
crystals, confirming the absence of solvent incorporation into the crystallographic lattice as others have suggested [15] , [16] .
C. Crystal Characterization 1) Photoluminescence Spectra:: It has been reported [28] that the PL spectra of some PVT-grown rubrene crystals contain a broad band that peaks at 650 nm, which in some batches can be dominant over the main PL band of pristine rubrene crystals that peaks at around 560 nm. This peak has been attributed [29] to coexisting crystalline rubrene matrix and defects, but the precise nature of it remains unclear. The formation of these defects depends on the purity of the starting material, but they can also be created during vapor transport growth, thus being a function of growth parameters [29] . Comparison of the PL spectra from the solution-grown (LLNL) and PVT-grown (Rutgers) crystals is shown in Fig. 4 . The 650 nm band, which might be indicative of defects, is not present in any of the six tested solution grown crystals, suggesting the absence of defects that cause the 650 nm emission.
2) Photoconductivity and Mobility Measurements:: In order to determine the quality of various rubrene crystals, we have measured the photoconductivity of rubrene under blue (peak emission at 465 nm) and infrared (peak emission at 1100 nm) light emitting diode (LED) illumination. The infrared illumination is expected to excite carriers out of traps within the band gap; 1100 nm was chosen as its energy is more than half the band gap of rubrene and thus should cover most of the trap levels. In order to eliminate the effect of variations in crystal and contact size, we have used the ratio of the blue:IR photoconductivity as a gauge of quality. It is expected that for better quality crystals with few defects, the ratio should be higher as there will be few trap states to excite with the IR LED. Finally, the LEDs were pulsed and the transient response of the crystals was observed as an additional gauge of quality.
A variety of rubrene crystals grown under different conditions were measured. Crystal quality can be roughly determined by optical inspection; higher quality crystals are more transparent with fewer dark spots and other visible defects ( Fig. 2 (B) vs Fig. 3 ). In addition to solution grown crystals, three best quality crystals grown by PVT at Rutgers University were measured as a comparison. A photograph of a typical detector with graphite contacts is shown below in Fig. 5(a) . Fig. 5(b) shows the ratio of the Blue:IR photocurrent measured in 12 crystals of different quality and origin (where the first number is a designator for the growth run). Relatively low Blue:IR response indicates the lower quality of the first solution-grown crystals. However, the result obtained with more recent crystals (Crystal 18-4) also show that under the proper conditions crystals with comparable quality to PVT grown crystals can be obtained.
In addition to a steady-state photocurrent, the response of the rubrene crystals to pulsed illumination was also examined. Noticeable differences in the shape of the response were observed, with higher quality crystals exhibiting faster response to a pulsed illumination (shorter rise and decay times). This is indicative of a decreased trap concentration. Indeed, when illumination turns on, it takes time to fill the population of traps with photo-generated charge carriers, before the steady-state conduction develops. When illumination stops, the carriers are released from the traps within an effective characteristic time that depends on the energetic distribution of traps, thus leading to a certain time constant of the photocurrent decay. For smaller density of traps, shorter rise and decay times of the photocurrent are observed. For higher trap densities, the current increases more gradually as it takes longer to fill up the increased density of traps. Mobility effects are not expected to be important on the time scale observed. After the light pulse turns off, the longer tail is associated with de-trapping of carriers from defect states. This can therefore serve as a complementary measurement of the quality of the crystals. Fig. 6 shows curves for poor and good-quality solution-grown crystals with respective numbers of 11-1 and 18-8, compared to a good-quality rubrene grown by the PVT method (#1). It can be seen that LLNL 18-4 is superior in its transient response compared to LLNL 11-1. While the solution grown crystal, 18-8 responds as well as the Rutgers grown PVT crystal. A sharp onset and rapid decay of photoconductivity response to a square excitation pulse indicates that the solution grown crystals can have charge transport properties similarly good as those of PVT grown crystals. We consider crystals to be "good" if they are: free of visible defects or cracks; exhibit a high blue-to-IR photoconductive signal; evidence no 650 nnm emission; and offer alpha particle signal many times the background noise level for >1 hour (see the next section on the radiation response).
We have also identified a clear correlation between the magnitude of the IR induced photoconductivity (at 1100 nm) and the measured resistance of the crystals in the dark (Fig. 7) , along with a lack of correlation with the Blue LED response. Note that the IR induced photocurrent is approximately inversely proportional to the dark resistance of the crystals over the span of several orders of magnitude in resistance. This is suggestive that the lower resistance is a result of defect states within the band gap moving the Fermi level away from the mid gap and closer to either the HOMO or LUMO band. Under blue illumination, however, there are obvious outliers with high resistivity but strong photocurrent responses. These correspond to the crystals with high Blue:IR photocurrent ratios as well as superior transient response.
A crucial parameter used to describe charge transport in semiconductors is the mobility (μ), which, along with the field and the trapping time, determines the carrier transport distance (μτ E). Because of the high resistivity of ultra-pure (undoped) rubrene crystals used here, evaluation of carrier mobility in the bulk, relevant for radiation detection, cannot be done by conventional Hall effect measurements. However, a clear Hall signal and an adequate signal-to-noise ratio could be achieved by the use of an alternating magnetic field and a phase sensitive (lock-in) detection of Hall voltage [30] , with simultaneous illumination of the sample with blue abovebandgap light (wavelength λ = 465 nm) to generate a significant carrier population. This method for assessing the mobility is described in detail in reference [30] , where the means of accounting for Faraday induction is explained. Fig. 8 below shows that the Hall mobility deduced Fig. 8 . Hall mobility measurements in a bulk solution-grown Rubrene crystal, achieved by employing an alternating magnetic field (ac Hall effect technique) and photoexcitation of carriers with a blue light (λ = 465 nm). For details of the ac Hall measurement technique in organic semiconductors see ref. [30] .
by this method in bulk solution-grown rubrene crystals is 3.1± 0.1 cm 2 V −1 s −1 . It has to be noted that in photo Hall measurements, this value represents the difference between the hole and electron mobilities (i.e., μ H = |μ h − μ e |) and therefore provides the lower-bound estimate for the carrier mobility of the fastest (dominant) type of carrier. It is also worth noting that the light penetration length at this photoexcitation wavelength in rubrene is ∼ 1.5 μm, thus suggesting that photo Hall effect employed here essentially probes the charge transport in the bulk, relevant for ionizing radiation detection. As anticipated, there is no significant dependence of carrier mobility on the illumination intensity in the investigated intensity range.
3) Alpha Particle Detection:: Having observed by optical inspection, PL characterization and photocurrent measurements that in the bulk solution-grown crystals were performing as well as PVT grown crystals, we proceeded to test the rubrene crystals for their response to alpha particles. For these experiments, we first deposited graphite electrodes similar to those used for the photoconductivity tests but found that the background "dark" current level at fields above ∼1000 V/cm (for electrodes typically spaced by 5 mm) was too unstable (noisy), perhaps because of the grainy morphology of the carbon paint that might be causing local points of very high electric field at the interface with the organic crystal. In an attempt to better homogenize the field at the graphite/crystal interface, we have improved our contacts by adding a thin film of a conductive polymer, PEDOT/PSS to the dried carbon contacts (as described above in Section II). After such modification of the contacts, we found that it was possible to apply fields in excess of 3000 V/cm without substantially increasing electrical noise, which greatly improved the signal/noise ratio in α particle detection experiment discussed below.
In order to measure the pulse height spectra corresponding to alpha particle irradiation, we employed an Amptek A250 preamplifier located close to the detector under test, and held the detector and pre-amplifier under vacuum to avoid the well-known problem of air ionization by the alpha source ( 210 Po with an activity of > 500 μCi, placed 4.3 cm away from the rubrene detector). The resulting signal was then input to an Ortec 570 pulse-shaping amplifier (set to 2 μsec shaping time and gain of 1000) and then to an Amptek MCA8000A pulse-height analyzer which outputs the data to a computer for analysis. The resulting data in Fig. 9 is for an applied field of 3000 V/cm (crystal # 20-8, 0.66×0.38×0.31 cm 3 . For the data above channel ∼40, where the dark noise is greatly reduced, the effect of alpha irradiation is quite apparent: indeed, a signal well above the noise floor is detected.
("Source on" means that the alpha particles from the 210 Po is directly irradiating the rubrene crystal, while "source off" means that it has been rotated away such that the particles are emanating in the opposite direction.) The data is an average of 3 or 4 runs, and all runs were acquired for 2 minutes. Clear, reproducible alpha responses were achieved for the crystals from growth runs #20 and #22, which evidenced a blue:IR response ratio of ≥ 40, resistance > 10 9 , a growth rate of ∼0.2 mm/day, and involved starting material comprised of "rejected" crystals from a previous run. These features constitute necessary but not sufficient criteria, since the variability from sample-to-sample is not fully understood at this time.
In a separate series of experiments using shaping times between 0.5 and 10 μsec we determined that 2 μsec was the optimum setting, suggesting that the carrier transport time in rubrene was of this order (see Fig. 10 ). In Fig. 10 , we also plot the number of observed counts as a function of the applied voltage, where we notice a threshold-like behavior around ∼1000 V/cm, followed by a super-linear increase in total counts. This type of behavior can be explained as either a decrease in trapping or the improved separation of the holes and electrons such that the formation of excitons is suppressed. It is worth mentioning that the requirement of separating the charges that comprise the exciton is a wellknown issue in the field of organic solar cells and is referred to as "exciton splitting". In either case, the high quality of the crystals together with the application of PEDOT/PSS on the graphite electrodes have led to the clear observation of alpha particles by a single crystal of organic semiconductor. The downturn in the signal level at the highest voltage of Fig. 10 is due to damage incurred by the crystal at this high field level. It is noteworthy that, in a separate experiment, we observed that the photoconductivity signal follows a sublinear dependence on the blue light intensity, as has been previously reported for rubrene [31] , and which has been interpreted as involving numerous processes including trapping, exciton interactions with carriers and other excitons, and the "fissioning" of singlet excitons into triplets. Owing to the complexity of the physical processes involved, we are not yet able to offer a definitive explanation of the superlinear dependence of the radiation response in Fig. 10 . It is noteworthy that there has also been a recent report on x-ray detection by rubrene as well [32] .
4) Neutron Particle Detection:: Having been encouraged by the observation of a substantial electrical response to alpha particle radiation, we proceeded to test the rubrene detectors for their ability to detect the fast neutrons from a sealed 252 Cf source placed outside the sample compartment. Here the signal was much smaller than that observed with the alpha source, particularly since the activity of the source was much lower (40 μCi) and the interaction with neutrons is much weaker (having a typical mean free path of 3.5 cm in hydrocarbon based on H and C atoms in molecular crystals). Nevertheless the observed count rate of 31 counts/sec (see Fig. 10 ) was in keeping with a simple estimate of 62 counts/sec, based on the neutron mean free path, 1.7 cm distance of the detector from the source, and the detector volume of 0.05 cm 3 (0.78 × 0.27 × 0.24). While this data is not completely compelling owing to the relatively small number of counts compared to the alpha results, it was reproduced several times and moreover is not expected to appear in the same pulse height region as the alpha data, since the average neutron energy is ∼0.9 MeV (compared to 5.3 MeV for the Polonium alpha source), while only about half that energy on average will be conferred to the protons in the rubrene crystal.
IV. CONCLUSIONS
Single crystals of rubrene were grown from anisole solution by the temperature reduction method. The crystals were orthorhombic in structure and did not incorporate solvent into the crystal lattice. Properties similar to those of good quality PVT grown rubrene were observed even though the crystals were much larger in size. When used as a radiation detector, solution-grown rubrene crystals demonstrated a clear response to alpha irradiation and a modest response to a fast neutron source.
